Embryonic cardiac development depends, in part, on the local biomechanical environment. Tracking the motions of microspheres attached to the embryonic chick ventricle, we computed two-dimensional epicardial strains at Hamburger-Hamilton stages 16, 18, 21, and 24 (2.5, 3.5, 4.0, and 4.5 days, respectively, of a 21-day incubation period). First, in a crosssectional study, strains were measured in separate embryos at each stage (n.19 per stage). Then, in a longitudinal study, strains were measured serially on the same heart, with the eggs resealed and reincubated between successive stages (n.4 per stage). Although the heart undergoes major changes in mass, morphology, and loading during the studied stages, both studies showed that peak circumferential and longitudinal strains relative to end diastole were similar in magnitude (0.13 to 0.16) and did not change significantly across the stage range. The peak principal strains also showed no significant changes, with magnitudes of z0.11 and 0.18. The shear strains were small, and their signs varied from one heart to another. These results suggest that wall strain is maintained within a relatively narrow range during primary cardiac morphogenesis. (Circ Res. 1994;75:896-903.) 
C ardiac development depends on a dynamic interaction of genetic and epigenetic (environmental) factors.1-3 Through this interaction, the one-dimensional genetic code is translated into threedimensional form. The genes generate the basic building blocks (cells, extracellular matrix, adhesion molecules, etc), but how these blocks are assembled into a heart likely depends, in part, on the local biomechanical environment. The environment also may influence gene expression, ie, which blocks are formed.
In the embryonic heart, wall stress is a factor that likely influences growth and morphogenesis. A variety of experimental results support this view. For example, Clark et all have found that increasing ventricular pressure in the chick embryo (by constricting the outflow tract) increases the rate of ventricular growth without altering morphogenesis. In addition, the theoretical models of Taber et a14 and Lin and Tabers for the tubular embryonic heart predict myocardial stress concentrations that correlate with the sites of rapid myocyte proliferation during ventricular trabeculation. The potential role of wall strain, on the other hand, has not been explored.
The link between genetics, form, and function is one of the fundamental problems of developmental biology. 2 Currently, however, studies of this interaction in the heart are hindered by a paucity of biomechanical data. Thus, as part of our long-term study of the biomechanics of the developing heart, the present investigation adds information on wall strains for use in investigating the mechanisms regulating cardiac development.
During development, we distinguish between morphogenetic and mechanical strains. Morphogenetic strains are generated by cell growth, division, motion, shape change, and death. Tracking the development of chick hearts grown in culture during the process of cardiac looping, Lacktis and Manasek6 measured morphogenetic strains from the motions of epicardial markers. These strains are probably influenced by external loads, but if the loads are removed, morphogenetic strains remain as residual strains (relative to an initial reference state). Mechanical strains are due directly to applied loads. Depending on whether the material is elastic or inelastic, these strains may or may not remain when the loads are removed. During development, these two types of strain are likely coupled, since the long-time morphogenetic strains may be regulated partially by the short-time mechanical strains or their associated stresses.
The objectives of the present research were to measure the mechanical strains that occur in the embryonic heart during each beat and to determine how these strains change during development. Specifically, we used epicardial markers to measure wall strains in the primitive right ventricle of the embryonic chick heart during Hamburger-Hamilton7 stages 16 through 24 (2.5 to 4.5 days) of a 46-stage (21-day) incubation period. We hypothesized that the strains change in magnitude as the heart develops. However, although the ventricle undergoes major changes in mass, morphology, and loading during this period of development, the peak strains relative to the end-diastolic configuration remained within a relatively narrow range.
Materials and Methods

Embryos
We studied white Leghorn chick embryos at stages 16, 18, 21, and 24 (2.5, 3.5, 4.0, and 4.5 days, respectively). Between each of these stages, the embryo doubles in weight.8 Fertile eggs were incubated in a forced draft incubator at 38.5°C and constant humidity. When incubated blunt end up, the blastodisk floated to the top of the egg, and the embryo developed beneath the air cell. With ambient temperature controlled by a heat lamp, access to the embryo was gained by opening the shell and incising a small region of the inner and outer shell membranes.
Experiments were performed at a video microscopy workstation.9 After the embryo was positioned for imaging, a micropipette was used to place at least three 10-gm-diameter microspheres z~70 to 100 ,um apart on the epicardial surface (Fig 1) . The strain calculations were based on triangular arrays of microspheres in a plane approximately perpendicular to the imaging axis. This orientation was ascertained by rotating the egg slightly until the microspheres changed size equally as they moved in and out of focus during each beat. Statically measuring the distance between marks on a 10--gm scale-scribed glass standard verified that center-to-center distances were independent of the focusing.
Two independent studies were conducted. First, in an acute cross-sectional study, we measured strains in individual hearts at stages 16, 18, 21, and 24 (n. 19 per stage). Then, in a chronic longitudinal study (n.4 per stage), the egg was opened first at either stage 16 or stage 18. Microspheres were placed on the heart, the ventricle was imaged, then the opening was sealed with paraffin film, and the egg was reincubated. At the next studied stage, the paraffin was removed, and the beads were imaged again. This process was repeated as long as the heart remained viable and in good condition, as judged by developmental morphology and heart rate and as long as the microspheres to be analyzed were visible at each stage. In eight hearts, we obtained reliable data for sequences of three stages, ie, either stages 16, 18, and 21 or stages 18, 21, and 24. For two hearts, only stages 16 and 18 or 21 and 24 could be analyzed.
Between stages in the chronic experiments, markers sometimes drifted off the epicardium or rotated with the heart out of view. For a given heart, all measurements were made by using a single set of microspheres that remained attached to the ventricle at the same location throughout the stage range. If necessary, the egg was rotated slightly to correct for cardiac rotation.
Data Acquisition
Video images were recorded on videotape by using a photomacroscope (model M400, Wild Leitz USA, Inc), a video camera (Hitachi VPC 920), a fiberoptic light source (Dolan-Jenner Industries), and a video recorder (Magnavox PV9670). A time-date generator (model VTG-33, FOR.A) superimposed real time +5 milliseconds on each image field, which was 1 to 2 mm in diameter with an the effective raster spacing of 4 to 8 gim. One pixel in the image equaled no more than 0.25% of the epicardial diameter. After imaging, the scribed glass standard was recorded in the plane of the embryo. For analysis, individual video fields were replayed by the video recorder, and the two-dimensional coordinates of the centroids of the microspheres were determined by a commercial motion analysis system (Ariel Performance Analysis System, Ariel Dynamics, Inc). Strain components depend on the choice of reference configuration and on orientation. At each stage, the reference configuration for strain was chosen as end diastole, and preliminary experiments involving simultaneous measurement of ventricular pressure and strains showed that end diastole occurred in the video field just before the most rapid marker movement. To account for orientation, we defined two coordinate systems: image and cardiac. The scribed standard defined the xl-x2 axes of the image coordinate system, and the end-diastolic (reference) configuration of the tubular heart at the measurement site defined the local x'1-x'2 axes of the cardiac coordinate system (Fig 1) . With the local direction of blood flow (at the center of the marker triangle) taken parallel to the x'2 axis, these latter coordinates were approximately circumferential (x'l = 0) and longitudinal (x'2=z) relative to the end-diastolic epicardial geometry. Note that the blood-flow direction was measured separately at each stage to correct for the rigid-body rotation that occurs during development.
Strain Analysis
Strains were computed from the epicardial markers with a two-dimensional version of the method used by Waldman et al. 10 Consider one side PQ of a reference (end-diastolic) triangle PQR that deforms with the epicardium into the sidepq of the triangle pqr (Fig 2) . Relative to the image coordinate system, the markers P and Q are located at the coordinates (xl(P), xJ) and (xl(Q)j, x2(0), and their deformed images p and q are located at (xl/°, x2°") and (xl(4), x2(q)), respectively. These coordinates were measured directly from the videotape. The squared lengths (As values) of PQ and pq are as follows:
(,As(PQ))2 = ('AXI(PQ))2 + (,IX2(PQ))2,
are the projected lengths of PQ and pq on the image coordinate axes.
Now, the two-dimensional Lagrange strain components e1j
relative to the image coordinate system are defined by the following":
The other sides of the triangle formed by the markers (Fig 2) provide two additional equations of this form, giving a system of three linear algebraic equations to be solved for e11, e22, and 897 ('IS(pq)2 = (,AX1(pq)2+ (IAX2(pq))2 strains relative to a short approximately cylindrical section of the curved tube containing the markers. To compute the principal strains (e, and e2), we solved the eigenvalue problem based on the matrix of strain components.1' The data were compared by ANOVA with P<.05 accepted as statistically significant. Data are presented as mean+SD. The errors involved in the strain analysis are examined in the Appendix.
Results
Epicardial strain data are reported for the central portion of the primitive right ventricle of chick embryos at stages 16, 18, 21, and 24. Heart rate increased from stage 16 to 24 but was similar between the acutely and chronically studied embryos at each stage (Table) .
Strain-time curves for a normalized cardiac cycle of length T are shown for two representative chronic experiments (Fig 3) . In each case, the strains were computed relative to the first end-diastolic configuration shown (t/T=O), where all three strain components, therefore, must be identically zero. Since they also should have vanished at the next end diastole (tIT=1), their difference from zero at that time provided an indication of the experimental error. We used this criterion, the beat-to-beat repeatability, and the smoothness of the curves to screen invalid data quali- tatively. (If a bead was not firmly attached to the heart, the strain-time curves contained large oscillations.) In individual embryos, most of the acute and chronic data showed that the peak values of e66 and e,, which are measures of local shortening fractions, were similar at a given stage and that ez, was much smaller than the other strain components. These findings are consistent with those of Taber et a14 for the stage 16 chick heart. The peaks of ese and e,. usually occurred near end systole or the beginning of diastolic filling.
For a given chronically studied heart, the stage-tostage variability in strains showed no consistent pattern. The peak magnitudes of e6, and e,. changed between stages (Fig 3) , but the particular stage at which the greatest strains occurred varied from one embryo to another. When all chronic data were grouped together at each stage, however, the means of the peak strains did not change significantly over the stage range (Fig  4a) . Data from the acute study showed a similar trend (Fig 4b) . The means of the peak circumferential and longitudinal strains remained between -0.13 and -0.16 in both the chronic and acute experiments.
The time course of the shear strain during the cardiac cycle was inconsistent in both the acute and chronic studies. In much of the data, the systolic e,6 exhibited a general trend from negative values at the earlier developmental stages to positive values at the later stages (Fig 3) . Several hearts, however, showed the opposite behavior.
Across the stage range, the means of the peak principal strains from the acute and chronic studies were similar between stages 16 and 24 (Fig 5) . Both el and e2 increased slightly in magnitude between stages 16 and 18 and then decreased slightly at stage 21. These changes, however, were not statistically significant. In the chronic and acute experiments, the means of the peak el ranged from -0.16 to -0.20, whereas e2 ranged from -0.09 to -0.13. (By definition, we took 1e41>Ie2I.)
Discussion
Cardiac growth and morphogenesis likely depend, in part, on the mechanical stress or strain distribution in the heart. Wall stress cannot yet be measured reliably,12 but strain can. In fact, several investigators have used variations of the present approach to measure threedimensional transmural strains10'13'14 and two-dimensional epicardial strains15-17 in the mature heart. Once the mechanical and the residual strains are known relative to a reference configuration, stresses can be computed by using constitutive (stress-strain) relations. However, although significant progress has been made in determining these relations for the mature heart (eg, see Humphrey et al18" 19) , little is known about the material properties of the embryonic heart. To begin the task of characterizing embryonic myocardium, we previously correlated experimental wall strains and pressure-volume relations with those computed by using theoretical models to deduce first-approximation constitutive relations for chick ventricles at stages 16 and 21.4,5,20 But further refinement is needed. The present study provides data that can be used in this regard and gives insight into the biomechanical factors regulating cardiac development.
Limitations
Several factors bear on the accuracy of our results. First, since we used a single-plane imaging system, the accuracy of our two-dimensional analysis depended on how well the plane that was defined by the three markers remained at the same angle relative to the focal plane during a beat. (Since only relative length changes were of interest, the marker triangle need not have been precisely perpendicular to this plane.) If, for example, a triangle rotates as a rigid body out of the plane, the lengths of its sides appear to change even though they do not. This potential source of error was minimized by using only microspheres fixed near the center of the ventricle and by rotating the egg so that they moved essentially perpendicular to the focal plane. With this procedure, as shown in the Appendix, the error would be relatively small for the bead spacing we used.
Second, the computations approximated strains at a point by average values within the triangular region defined by the markers, and any inhomogeneity in surface deformation within the region was ignored. The analysis in the Appendix shows that even large strain gradients within the triangle have relatively small effects on the average computed strains. Nevertheless, we minimized this error and the effects of curvature by using markers as close together as possible without compromising the accuracy of the pixel-based digitization. We found that a spacing of =100 g.m for our 10-,um-diameter microspheres yielded optimal results, a relative spacing similar to those used in other studies.15-17 In addition, analyzing different markers in the same general region indicated that the strains varied only gradually with distance near the middle of the ventricle; ie, any inhomogeneity was relatively small.
A third source of error was the measurement of the blood-flow angle near the marker location. To assess this error, two independent observers measured the flow angles. In general, the results agreed to within 100, and calculations showed that the corresponding errors in ego, e., and ez6 were no more than a few percent. Furthermore, the standard deviations for the circumferential and longitudinal strains were similar to those for the principal strains. Since principal strains do not depend on the flow angle, these results suggest that the measured angle of flow was not a significant source of error.
Finally, the chronic studies were vulnerable to damage due to cardiac exposure. The extraembryonic membranes had to be cut to allow bead placement, and resealing the eggs with paraffin only approximately reproduced the original environment. However, the similar heart rates at a given stage ( Table) and the consistency of the strains between the acute and chronic studies (Figs 4 and 5) support the validity of our methods.
The two-dimensional nature of our results limits their utility. Transmural three-dimensional strain distributions would provide a more complete picture of the deformation pattern, which may vary, for example, among the layers of the stage 16 ventricle. Such data would facilitate the development and validation of realistic theoretical models. However, although threedimensional strains can be computed from beads placed in the wall of the mature heart,1013'14 the thinness of the wall hinders similar experiments in the embryonic heart.
Structure of the Embryonic Heart
The heart is the first functioning organ in the embryo. In the chick heart, whose development parallels that of the human heart, contractions begin at stage 10 (1 day of incubation). At this stage, the heart is a nearly straight, smooth-walled, muscle-wrapped tube without coronary arteries, valves, or a nervous system. Soon after the initial contractions, the cardiac tube bends and rotates in a process called looping. Effective blood flow begins at stage 12 (2 days), with cushions in the inflow and outflow regions of the ventricle facilitating forward flow.
In the present study, we examined stages 16 through 24 (2.5 to 4.5 days). By stage 16, looping is complete, and the wall of the primitive ventricle is composed of a relatively thin outer layer of myocardium, a middle layer of cardiac jelly, and an inner layer of endocardium ( Fig  6) . At this stage, the myocardial layer contains the contractile proteins; the cardiac jelly is an extracellular matrix material making up the bulk of the wall thickness; and the endocardium is an epithelium that lines the lumen of the cardiac tube.
Beginning at stage 17 (3 days), the cardiac jelly is rapidly replaced by a network of myocardial trabeculas, which begin as endocardial ridges near the apex with a prevailing anteroposterior circumferential orientation.2' At stage 18 (3.5 days), the myocardial ridges grow more prominent and become interconnected, and by stage 21 (4 days), the ventricular wall resembles a sponge with a thin outer sleeve of compact myocardium (Fig 6) . Finally, at stage 24 (4.5 days), the anteroposterior orientation of the trabecular sheets disappears, with the wall assuming a more randomly oriented honeycomb appearance (Fig 6) . The interventricular septum forms gradually near the midpoint (apex) of the loop (stages 23 through 36). The present study focuses on the primitive right ventricle, ie, the section between the apex and the proximal conotruncal cushions (Fig 1) .
Implications of the Measured Strains
Between stages 16 and 24, as discussed above, the embryonic chick heart undergoes a series of rapid morphological changes as it transforms from a smooth-walled tube to a trabecular chamber. Moreover, during this period, ventricular mass increases -8 times, peak systolic pressure almost doubles,9 and diastolic ventricular compliance increases =10 times. 22 The increased compliance is due primarily to the increasing chamber volume,22 but the material properties of the myocardium probably also change.4 '5,20 In spite of these large alterations in form, loading, and biomechanical properties, our measured peak circumferential and longitudinal strains relative to end diastole did not change significantly during the studied stages (Figs 4 and 5) . Of note, the shortening fraction based on measurements of external ventricular dimensions decreases between stages 16 and 24.23 This apparent discrepancy with the present data may be due to inhomogeneous deformation.
The results of the present study, therefore, suggest that the embryonic heart grows and develops while continuously adapting to maintain myocardial shortening fractions within relatively narrow limits. This observation is consistent with the view that normal cardiac growth is similar to volume-overload hypertrophy,24 which is characterized by an enlarged cavity volume. Because of geometric effects, the larger end-diastolic volume allows more blood to be pumped per beat with the same shortening fraction, enabling the heart to meet the increasing metabolic demands of the embryo without compromising the mechanics at the sarcomere level.
Our shear-strain data may have certain implications for the fiber architecture of the developing heart. The mature heart contains a regular pattern of muscle fiber orientations,25,26 but the etiology of this fiber geometry is poorly understood. Transmission electron micrographs of the embryonic chick heart show that sarcomeres gradually align from a highly disorganized pattern in the early cardiac tube,8 but light and confocal microscopy show circumferential and longitudinally arranged fibers over portions of the ventricle, even during the early looping stages. [27] [28] [29] [30] In the tubular heart, the shear strain ez, likely is due mainly to axial torsion. A positive ez, corresponds to counterclockwise rotation of the ventricle relative to the conotruncus when viewed from the apex toward the conotruncus (Fig 1) . In the mature left ventricle, the systolic ez6 relative to end diastole is generally positive,15'16 and theoretical models indicate that the corresponding torsion is a consequence of the anisotropy due to the spiraling fiber geometry. [31] [32] [33] [34] In an idealized tubular model of the embryonic ventricle, circumferentially or longitudinally oriented fibers would induce no torsion. A slight inclination angle relative to the circumferential direction, however, would produce torsion, with the direction of twist dependent on the direction of the inclination (Fig 7) . Thus, the inconsistent sign of our measured systolic shear strains (Fig 3) may indicate early variations in a nearly circumferential alignment, as the fibers gradually organize into the complex but highly 
Comparison With Related Studies
It is difficult to compare our results with those obtained for the mature heart. (To our knowledge, no other researchers have published mechanical strain data for the embryonic heart.) Part of the difficulty is due to the complex geometry of the mature heart, which leads to significant inhomogeneity in deformation, particularly around the circumference. 16 The available data, however, suggest that the end-systolic normal epicardial strain components near the middle of the mature canine left ventricle are smaller than those we measured, especially in the closed-chest animal, where the magnitudes of the epicardial strains are <0.1.15 The peak principal epicardial strains measured by Chuong et al17 in the canine right ventricle also are smaller, with el=_-0.12 and e2=-0.08 compared with our values of el_-0.18 and e2=-0.11. The reasons for these apparent differences are unclear, but they may involve increased efficiency in the mature heart.
Thus, although the morphology, mass, and loading of the embryonic chick heart change dramatically between stages 16 and 24, the measured peak epicardial strains relative to end diastole did not change significantly. Determining whether these results reflect an adaptive response will require experiments that alter the strains. In the present study, the magnitudes of the peak circumferential and longitudinal strains and the principal strains were generally in the range of 0.1 to 0.2. The sign of the systolic shear strain varied, possibly indicating variations in the alignment pattern of the cardiac muscle fibers during development. These data can be used in conjunction with theoretical models to gain a better understanding of the mechanics of cardiac morphogenesis.
Appendix
In a recent article, Waldman and McCulloch35 analyzed the errors involved in strain measurements based on myocardial markers. They found that the errors due to single-plane imaging are quite small for stretching deformations, but the errors can be large for bending deformations. Here, we examine the errors for more general deformations involving simultaneous bending and stretching.
Consider planar deformation of a circular surface of radius R (Fig 8) . During other n values). Insets show the surface before (solid curve) and after (dashed curve) deformation. The error of using single-plane imaging decreases with the deformed curvature. the respective length elements before and after deformation, giving the circumferential stretch ratio: ds 1 (6) A=-=-(xC+y'2Y/2 where prime denotes differentiation with respect to 6. A vertical camera would record only the horizontal coordinates of surface markers. If the markers move from X, =R sin 61 and X2=R sin 62 to xl and x2, respectively, then the apparent stretch ratio in the region between the markers is as follows (Fig 8) : (7) lk.= X2-Xl,
X2-X1
X2-X1 R(sinO2-sin11)
To illustrate the errors due to single-plane imaging, we compare A and Aa for a deformed surface described as follows: (8) x=ria0 sin nO, y=rIbn cos nO n n where r is the average deformed radius. Setting al=bl=1 and a,=b,=0 for other n values gives the case of a uniform inflation, and then A, is exact everywhere for any bead spacing.
Representative results are shown for stretching (r/R= 1.1) combined with two different types of curvature changes due to bending. The first type of bending reduces the curvature at the top of the circle (Fig 9a) ; the second type increases the curvature (Fig 9b) . In these plots, the computations for Aa are based on a bead spacing of 30°, corresponding to beads 100 ,im apart on the surface of a stage 16 ventricle (R=200 ,um). This represents a worst case for our data. Each symbol represents the center of a pair of beads, and the curves give the exact values of A. For the stage 24 ventricle, R-400 ,m and O_15o, and the results are little different from those for the stage 16 geometry.
These and other results from our analysis lead to several conclusions. First, the change in radius of the ventricle between stages 16 and 24 has little effect on the strain measurements. Second, large strain gradients over the surface cause little error in a single-plane analysis (Fig 9a) . Third, the single-plane accuracy increases as the surface flattens (Fig 9a) and decreases as the deformed curvature increases (Fig 9b) . The shape of the surface of the tubular ventricle likely changes relatively little as it beats. Finally, if the center of the bead array is within :z-15°of the midline, the accuracy in singleplane imaging is quite good even if the deformed curvature increases significantly (Fig 9b) . The beads in our experiments generally fell within this range. Thus, we conclude that for the present study, single-plane imaging leads to errors of no more than a few percent.
